Nitric oxide is reportedly involved in the regulation of several ovarian processes, yet the isoforms of nitric oxide synthase (NOS) expressed in the ovary are unknown. Our purpose was to identify and localize NOS isoenzymes in the rat ovary and to examine if mRNA expression of NOS isoenzymes change after gonadotropin stimulation. Using reverse transcriptase-PCR, we demonstrated that inducible (iNOS) and endothelial (eNOS), but not neuronal, NOS mRNAs are expressed in the ovary. In a gonadotropin-stimulated rat model, unstimulated ovaries had the highest levels of iNOS mRNA as quantified by ribonuclease protection assay. After gonadotropin injection, iNOS mRNA declined to undetectable levels in ovaries containing ovulatory follicles before increasing slightly in ovaries containing copora lutea. In situ hybridization studies localized iNOS to granulosa cells of secondary follicles and small antral follicles. Western blots of unstimulated ovaries demonstrated iNOS protein. In contrast to iNOS, eNOS mRNA levels, determined by quantitative PCR, increased after gonadotropin stimulation and peaked in ovaries containing ovulatory follicles before declining in the luteal phase. eNOS protein was localized to blood vessels in the ovary by immunohistochemistry. We conclude that two isoforms of NOS are expressed in the ovary and the mRNA levels for these isozymes are differentially regulated. (J. Clin. Invest. 1995. 96:2719-2726
Introduction
The nitric oxide synthases (NOS)' are a family of isozymes that catalyze the oxidation of L-arginine to NO and L-citrulline.
NO has a variety of physiologic actions including the regulation of vascular tone, mediation of immune cell cytotoxicity, and neurotransmission (1, 2) . NO synthases can be divided into two functional classes, "constitutive" and "inducible," based on their sensitivity to calcium ( 3 ) . The constitutive forms, endothelial NO synthase (eNOS) and neuronal NO synthase (nNOS), bind calmodulin in a reversible and calcium-dependent fashion. Although termed constitutive, we have shown that estradiol increases calcium-dependent NO synthase activity and both eNOS-and nNOS-specific mRNA (4) . The inducible form (iNOS) binds calmodulin tightly at resting intracellular calcium concentrations; its expression is induced by some toxins and by cytokines (5) .
Several lines of evidence suggest that NO may regulate ovarian processes. We have previously demonstrated eNOS within human granulosa-luteal cells (6) . Furthermore, NO inhibits granulosa-luteal cell steroidogenesis suggesting NO may be an autocrine regulator of steroid production (6) . NO has also been implicated in the mechanism of ovulation. 10 stimulates NOS activity in ovarian dispersates as measured by nitrite production (7, 8) , and NO has been reported to potentially mediate the 1L-1/3-induced tissue remodeling associated with ovulation (7) . NOS inhibitors were reported to reduce the number of ova released in vivo in the rat (9) . Recently, NO was shown to suppress apoptosis in cultured preovulatory ovarian follicles (10) . It remains unclear which NOS isoenzymes are present in the rat ovary in vivo. The purpose of the present investigation was to determine which isoforms of NOS are present in the rat ovary and to localize their expression. We also sought to determine whether mRNA expression for NOS isoenzymes changes in the ovaries of immature rats stimulated with gonadotropins to mimic natural folliculogenesis, ovulation, and corpus luteum formation.
Methods
Detection ofNOS isoform mRNA in the cycling rat. Mature, female rats (Harlan Sprague Dawley, Inc., Indianapolis, IN) were housed with a 14-h light, 10-h dark cycle. All rats were maintained and experimental protocols conducted in accordance with the University of Iowa Committee on Animal Care. Rats that were normally cycling as determined by daily vaginal smears (11) were killed on all days of the estrous cycle, and their ovaries were excised. mRNA was extracted from pooled ovaries (Fast Track mRNA Al. cDNA was synthesized during a 1-h incubation period at 37°C. A 50-Al PCR reaction mix was prepared to amplify a 500-bp fragment of iNOS cDNA consisting of basepairs 1315-1814 (12), a 214-bp fragment of eNOS cDNA consisting of basepairs 244-457 (13) , and a 472-bp fragment of nNOS cDNA consisting of basepairs 4113-4584 (14). The primers used for iNOS were based on the rat sequence and were 5'-GCCTCCCTCTGGAAAGA-3' (sense), and 5'-TCCATGCAG-ACAACCTT-3' (antisense). The primers used for eNOS were based on the human sequence and were 5'-CAAGTTCCCTCGTGTGAA-GAACTG-3' (sense) and 5 '-TAAAGGTCTTCTTCCTGGTGATGCC-3' (antisense). The primers used for the nNOS sequence were based on the rat sequence and were 5'-CTTCCGAAGCTTCTGGCAACA-GCGACAATT-3' (sense) and 5'-GGACTCAGATCTAAGGCGGTT-GGTCACTTC-3' (antisense). 5 ul of the reverse transcription reaction was used per PCR reaction. Taq DNA polymerase and the accompanying 1Ox reaction buffer (Boehringer Mannheim Biochemicals) were used for amplification over 35 cycles of 960C for 35 s, 560C for 2 min, and 720C for 2 min and an 8-min 72TC final extension period. Products were visualized on a 1% DNA agarose gel using ethidium bromide staining. PCR bands of the expected size were sequenced using an automated DNA sequencer (University of Iowa core DNA facility, Iowa City, IA).
Immature rat stimulation. The mature rat ovary is heterogeneous, containing developing follicles, ovulatory follicles, and corpora lutea simultaneously (15, 16) . Therefore, to quantitate relative changes in NOS-specific mRNA at various time points during folliculogenesis, ovulation, and corpus luteum formation, we used a gonadotropin-stimulated immature rat model known to produce relatively homogeneous populations of these ovarian structures when compared to the mature rat ovary (17) . Immature 23-d-old female rats (Harlan Sprague Dawley, Inc.) were obtained and fed chow and water ad lib. A 14-h light, 10-h dark cycle was maintained with the light cycle initiated at 0600 h. Some of the rats were killed immediately while the remaining rats received a single subcutaneous injection of 20 IU pregnant mare serum gonadotropin (PMSG; Sigma Chemical Co., St. Louis, MO). 48 h later, some of the rats were killed. The remaining rats received an ovulatory dose of 10 IU human chorionic gonadotropin (hCG) (Sigma Chemical Co.), and then groups of these rats were killed 12, 24, and 72 h after the hCG injection. At each time point, ovaries were rapidly excised and frozen in liquid nitrogen for further analysis. Blood was also obtained by cardiac puncture and serum estradiol and progesterone concentrations were determined as previously described (18) . Three separate experiments consisting of three rats per time point were performed for RNA analysis.
Ribonuclease protection assay for iNOS. A rat probe for iNOS was synthesized by cloning the 500-bp iNOS PCR product (see above) into a pT7Blue T-Vector (Novagen Corp., Madison, WI). Plasmid DNA was obtained from transformed competent cells using a standard miniprep protocol (19) . Plasmid DNA was then purified and sequenced to determine insert orientation. Ribonuclease protection assays were performed using an antisense riboprobe for iNOS. An antisense riboprobe for glyceraldehyde-3-phosphate dehydrogenase (G3PDH; plasmid purchased from Ambion Inc., Austin, TX) was used as an internal standard since message levels for this enzyme In situ hybridization for iNOS. Cryostat sections (12 mm) were prepared from ovaries which were frozen in liquid nitrogen. Sections were mounted onto gelatin-coated glass slides, fixed for 20 min in freshly made paraformaldehyde (2%), washed in PBS, and dehydrated through a graded series of ethanol. Thereafter slides were stored at -70'C until used.
Three synthetic oligonucleotides complementary to murine iNOS cDNA sequence were produced using an oligonucleotide synthesizer (Milligen 7500; Millipore Corp., Bedford, MA). A three-probe cocktail complementary to nucleotide bases 445-480, 1257-1292, and 1842-1879 of the coding sequence of the murine iNOS cDNA was used throughout (21) . Oligonucleotide probes were labeled with a_-35S-dATP (Amersham Corp., Arlington Heights, IL) using deoxynucleotidyl transferase (GIBCOBRL, Grand Island, NY) in a total vol of 50 yld consisting of 100 ng oligonucleotide in 27 p1 diethyl pyrocarbonate-treated water, 10 Ml tailing buffer (GIBCO BRL), 1 1.l BSA (2%) and 6.5 IL terminal deoxynucleotidyl transferase ( 15 U/1d), as described previously (21 ) . After incubation at 370C for 8 min, the reaction labeling was stopped by addition of S ,ul EDTA (500 mM, Sigma Chemical Co.), and the enzyme was denatured by incubation of mixture at 70°C for a further 10 min. Thereafter, the labeled oligonucleotide probes were purified by centrifugation through a chromatography column (G-25; Boehringer Mannheim Biochemicals), and stabilized in 40 mM DTT.
Ovarian sections were hybridized as described previously (22) . Briefly, sections were incubated with 50 jA/cm2 of hybridization solution consisting of dextran sulfate (10%), Denhardt's solution (1X), DTT (0.1 M), tRNA (0.25 mg/ml), polyadenylic acid (0.25 mg/ml), denatured herring sperm DNA (0.25 mg/ml), deionized formamide (50%), and a 35S-dATP-labeled oligonucleotide probes (300,000 cpm/ 50 y1 per probe). Sections were covered with Scalon film (Fuji Photo Film Co., Tokyo, Japan) and incubated in a sealed moist chamber at 42°C for 18-20 h. Thereafter, Scalon film was floated off in 1x SSC at room temperature after which the sections were washed twice in lx SSC at 55°C, twice in 0.5x SSC at 55°C, and once in 0.5X SSC at room temperature. DTT (10 mM between samples, all eNOS data were normalized to G3PDH which was measured by the same technique, except that only 25 cycles of amplification were used, a number which was in the linear portion of the amplification curve for G3PDH. The primers used for G3PDH were based on the rat sequence (24) and were 5 '-CATGACCACAGTCCA-TGCCATCAC-3' (sense), and 5 '-CATGTAGGCCATGAGGTCCAC-CAC-3' (antisense).
Immunocytochemistry for eNOS. 5-Am frozen sections of ovaries were fixed in 40C methanol for 15 s. All subsequent steps were carried out in a moist chamber at room temperature. The slides were washed in PBS before adding 0.2% BSA in PBS for 10 min. The primary antibody (diluted 1:25 in PBS) was added to the slides for 60 min. This mAb was raised in mouse against a 20.4-kD protein fragment corresponding to amino acids 1030-1209 of human endothelial NO synthase (Transduction Laboratories), and it has previously been shown to cross-react with rat eNOS (25) . After PBS rinsing, FITC-conjugated secondary antibody (goat anti-mouse IgG; Pierce Chemical Co., Rockford, IL) was added to slides for 30 min. After PBS washing, the slides were stained for 15 min in 4 ',6-diamidino-2-phenylindole (DAPI; Sigma Chemical Co.), a DNA-binding stain. The slides were then mounted and examined by fluorescent microscopy at a magnification of 600. Control coverslips had mouse nonimmune serum (Sigma Chemical Co.) substituted for the primary antibody.
Results
Presence ofNO synthase mRNA isoforms in mature rat ovaries. Fig. 1 Characterization ofgonadotropin-stimulated rat model. The ovarian histology observed at each time point was similar to that described by Peng et al. (17) . Briefly, ovaries from untreated, -23-d-old rats were small and contained many primordial, primary, and secondary follicles, which contain no antral cavity. Serum estradiol (E2) and progesterone (P4) were below 1 2 3 4 5 A Figure 2 . the level of detection. 48 h after PMSG injection, the ovaries had increased in size and contained predominantly large tertiary, antral follicles. The mean E2 was 359 pg/ml and the mean P4 was 4.6 ng/ml. 12 h after hCG injections, there were many immediately preovulatory follicles with a thin apical region at the ovarian surface. The mean E2 was 73 pg/ml, and the mean P4 was 10.8 ng/ml. 24 h after hCG injection, early corpora lutea with small antral cavities predominated the histologic picture. The mean E2 was 110 pg/ml and the mean P4 was 20.2 ng/ml. 72 h after hCG, multiple mature corpora lutea with large luteal cells were found. The mean E2 was 15 pg/ml and the mean P4 was 60.7 ng/ml.
Variation in iNOS mRNA in the gonadotropin-stimulated ovary. Ribonuclease protection assays were used to detect changes in iNOS mRNA in ovaries after gonadotropin stimulation. Fig. 2 A is a representative ribonuclease protection assay. iNOS mRNA was highest in the unstimulated immature ovary. 48 h after PMSG injection, iNOS mRNA was reduced to an average of 29% (mean reduction in three separate experiments) compared with unstimulated, immature ovaries after correcting for amount of G3PDH message in the samples (Fig. 2 B) . 12 h after hCG injection, iNOS mRNA was not detected by ribonuclease protection assay. 24 and 72 h after hCG injection, the ovaries contained a mean of 12 and 6% of the amount of iNOS mRNA compared with unstimulated, immature ovaries after correcting for G3PDH message in the samples (Fig. 2 B) .
Localization of iNOS messenger RNA in the ovary. In situ hybridization studies were performed on ovaries excised at the described time points. iNOS mRNA localized to the granulosa cell layer of secondary, preantral follicles found predominantly in the ovaries from unstimulated, immature rats (Fig. 3) . It also was present in preantral follicles that failed to develop after gonadotropin stimulation in ovaries excised at other time points. iNOS mRNA was also localized to the granulosa cell layer of primary follicles although the signal was less intense than that seen in secondary follicles (results not shown). The granulosa cell layer of some smaller antral follicles also contained iNOS mRNA, but the grain density was less than in secondary follicles (Fig. 3) . No iNOS mRNA could be localized in large antral follicles, preovulatory follicles, early corpora lutea, mature corpora lutea, or any other cell type other than granulosa cells.
To reveal any nonspecific hybridization of the oligonucleotide probes used, the following control experiments were performed: (a) The cellular distribution of the hybridization signal obtained with the individual probes was compared with that obtained with the three-probe cocktail, and was found to give identical patterns of distribution (data not shown). (b) Tissue sections were exposed to 100 Mig/ml RNAse A before hybridization: this procedure abolished hybridization completely (see Fig. 3 ). (c) A 100-fold excess of unlabeled oligonucleotide probe was added to the hybridization solution: this procedure completely abolished hybridization signals (data not shown).
Detection of iNOS mRNA in the immature rat. Because iNOS mRNA expression has been reported to be uncommon in tissues before induction by infectious agents or cytokines (26) , we sought to determine in which tissues iNOS was expressed using the ribonuclease protection assay. As seen in Fig. 4 , iNOS mRNA could be detected in the ovaries and uterus but not in the adrenal gland or the brain of 23-d-old rats. We also could Section from an ovary taken 48 h after PMSG injection. Small antral follicles (AF) still show specific staining for iNOS message but the grain intensity is not as great as in secondary follicles. (D) Section from an ovary taken 12 h after hCG injection. The ovulatory follicle (OF) shows no specific staining for iNOS. (E) Section of an ovary taken 72 h after hCG injection. The corpus luteum (CL) shows no specific staining for iNOS while a secondary follicle (SF) which did not respond to gonadotropin stimulation has intense iNOS staining. not detect iNOS message in the rat kidney, liver, or skeletal muscle (results not shown).
Detection of iNOS protein in immature rat ovaries. We wanted to be certain that iNOS mRNA is translated into protein in the ovary. We therefore performed a Western blot analysis of protein from immature, unstimulated ovaries which had the ; -0i. 0i> 0 At ;-f 2 :, , highest levels of iNOS mRNA expression (see above). Fig. 5 demonstrates iNOS protein in the ovary which has the same molecular weight as iNOS from stimulated RAW cells.
Variation in eNOS mRNA in the gonadotropin-stimulated ovary. To detect changes in eNOS mRNA in the ovarian cycle, we performed quantitative PCR assays on reverse-transcribed mRNA taken from ovaries at the same time points mentioned Figure 5 . Western blot analysis of ovarian protein using an mAb to iNOS. Lane above. Fig. 6 A is a representative agarose gel showing amplified product from the internal control (upper band) and eNOS mRNA in the sample (lower band). Separate amplifications were performed on the samples using G3PDH internal controls and primers to ensure that equal amounts of reverse-transcribed mRNA were added to each reaction (results not shown). Results for eNOS mRNA were normalized for amount of G3PDH mRNA in the sample. Quantitative PCR revealed that ovaries taken from rats 48 h after PMSG injection had a mean increase in eNOS mRNA of 181% compared with unstimulated ovaries. The highest level of eNOS mRNA was found in ovaries taken from rats 12 h after hCG injection with a mean increase of 415% compared with control. At 24 and 72 h after hCG, eNOS mRNA had declined to 54 and 73% of control, respectively (Fig. 6 B) . The means reported are derived from three separate experiments.
Localization ofeNOS protein in the ovary. Endothelial NOS was localized in the ovary by immunofluorescent microscopy. Specific staining could only be detected in blood vessels located in the hilum and stromal tissues of the ovary (Fig. 7) .
Discussion
A wide range of cell functions has been attributed to NO. In this report, we demonstrate that NO produced by two NOS isozymes may have important physiologic roles in the ovary. Both iNOS and eNOS mRNA are expressed in the mature, cycling ovary. iNOS mRNA is expressed in the granulosa cells of primary, secondary, and small antral follicles in the ovary. Endothelial NOS protein is localized to the blood vessels in the ovary. The fact that mRNA levels of both isozymes change after gonadotropin stimulation of the ovary suggests they may have important roles in ovarian physiology.
Macrophages produce iNOS in response to microbial prod- ucts and numerous cytokines, and NO mediates some of the cytotoxic actions of the activated macrophage (27) . Inducible NOS expression can also be detected in a variety of other cell types after cytokine stimulation in vitro, but the expression of iNOS in normal tissues is relatively rare (28) . Reported examples of tissues normally expressing iNOS include the rat uterus, the pregnant rabbit uterus, and large airways in humans (27) (28) (29) . In the present investigation, we demonstrate that the rat ovary also expresses iNOS and that its expression is predominantly in the granulosa cells of secondary, preantral follicles. Indeed, out of several tissues studied by ribonuclease protection assay, we could only detect iNOS expression in the ovary and uterus with the greatest amount of iNOS mRNA found in the ovary. Our findings support previous studies which have demonstrated the presence of NOS activity in whole ovarian dispersates from immature rats both before (8) and after IL-1/ stimulation (7, 8) . We extend these observations by identifying iNOS as an isozyme expressed in the intact, in vivo ovary and by localizing expression by in situ hybridization methods.
Inhibitors of NOS when injected either intraperitoneally or into the ovarian bursae inhibit ovulation in the rat suggesting that NO is involved in the ovulatory process (9) . Because there are no completely specific inhibitors of any particular isoform of NOS, the isoform involved in ovulation is uncertain. Our findings support a role for eNOS but not iNOS in the ovulatory process. eNOS mRNA expression peaks in ovaries containing ovulatory follicles. In contrast, iNOS mRNA reaches its nadir in ovaries containing ovulatory follicles, and we could not localize mRNA in the granulosa cells of large antral or ovulatory follicles. Given the profound vasodilatory effects of NO, it is likely that eNOS participates in ovulation by mediating some of the ovarian blood flow changes documented to occur in the periovulatory period (30 (32) .
In addition to ovulation, NO may have a physiologic role in other ovarian processes. We have previously shown that NO inhibits steroidogenesis in human granulosa-luteal cells in vitro and suggested that NO may be an autocrine regulator of steroidogenesis since eNOS was found in human granulosa-luteal cells by immunohistochemistry (6) . In the current investigation, we were unable to localize eNOS in rat granulosa cells. This discrepancy may be explained by species differences but may also result from methodologic difficulties with the anti-human eNOS antibody being used on rat tissue sections as opposed to human cells grown in culture. Nevertheless, iNOS was localized to granulosa cells, and it is highly expressed at a time when steroidogenesis is virtually absent. This finding further supports the hypothesis that NO is an autocrine and inhibitory regulator of ovarian steroidogenesis. Another potential role of NO in the ovary is as an inhibitor of cell mitosis or possibly meiosis. In mouse macrophagelike cells, NO blocks the cell cycle at the G2+M phase (33) . NO also inhibits mitosis of cultured vascular smooth muscle cells (34) . Inducible NOS may play a similar role in the ovary by inhibiting follicular growth until gonadotropin stimulation results in decreased iNOS expression. Finally, NO has recently been shown to reduce apoptosis in cultured ovarian follicles, thus acting as a follicle survival factor (10) . Our finding of iNOS mRNA in the granulosa cells of primary and secondary, preantral follicles is consistent with this potential role of NO in vivo.
In conclusion, iNOS and eNOS are differentially regulated in the ovary. eNOS mRNA peaks in ovaries containing ovulatory follicles while iNOS-specific mRNA is at its nadir at this time. We speculate that the elevated estradiol concentrations seen after gonadotropin stimulation may lead to the induction of eNOS in the ovary as has been observed in other tissues (4) . The mechanism by which gonadotropin stimulation inhibits iNOS mRNA in the ovary awaits further study.
